PURPOSE. To accurately evaluate the autoimmune inflammation, we aim to develop three quantitative measurements to monitor the inflammatory changes in the retina: retinalchoroidal thickness, major retinal vessel diameter, and electroretinography amplitudes.
U
veitis is characterized by intraocular inflammation with extraocular manifestations in some individuals. It is a common and sight-threating disease that affects mainly young people aged 20 to 50 years. 1 Approximately 25% of irreversible blindness in developing countries is caused by uveitis. [2] [3] [4] Following the International Uveitis Study Group classification system, 5 uveitis is classified as anterior, intermediate, posterior, and panuveitis according to the anatomic location of the inflammatory process. Etiologically, uveitis can also be categorized as infectious and noninfectious. Infectious uveitis is generally more common in the developing world, accounting for 30% to 50% of all cases of uveitis. 2 If the infecting organisms are known, infectious uveitis can be managed specifically with anti-infective treatments. Noninfectious uveitis is characterized by considerable prevalence in the developed countries. 6 It is assumed to be an autoimmune or immune disorder. To control the autoimmune inflammation, the major therapeutic strategies are steroids and immune suppressants.
To mimic the human chronic autoimmune disorders, Caspi et al. 7 successfully induced experimental autoimmune uveoretinitis (EAU) in mice by injecting interphotoreceptor retinoidbinding protein, which serves as an autoantigen. After injection of the autoantigen into susceptible animals, activation of the retina-specific T cells that recognize the autoantigen was driven by the complete Freund's adjuvant. Consequently, the activated T cells broke through the vascular junctions of the bloodocular barrier and infiltrated the ocular tissues. These T cells recognize the specific antigens in the eye and respond by secreting various cytokines and chemokines that eventually trigger the inflammatory cascade. [8] [9] [10] [11] [12] EAU is characterized largely by changes in the posterior chamber, including the presence of vitreal inflammatory cells, chorioretinal infiltrates (granulomas), retinal vessel inflammation (retinal vasculitis), and oedema (optic nerve, exudative retinal detachment).
Semiquantifiable scoring systems based on morphologic observations from both fundoscopy and histologic verification in EAU studies have led to many important findings. 13 Criteria for grading EAU include inflammatory cell infiltrations, vasculitis, chorioretinal lesions, and retinal folds. 14, 15 The graders' experience, however, affects the accuracy of scores. Variations arise from interpersonal imprecision or subjective bias. Recently, in vivo methods, such as bioluminescence imaging, were used to achieve higher resolution analyses in several uveitis animal models. However, EAU was still difficult to quantify. 16, 17 Optical coherence tomography (OCT) is a noninvasive in vivo imaging modality that provides structural information with resolution at micrometer level and can be performed repeatedly on living animals. Retinal OCT has been described for use in EAU previously to show the retinal changes. [18] [19] [20] [21] Nevertheless, quantifiable systems for the evaluation of OCT images are required. Confocal scanning laser ophthalmoscopy (cSLO) based fundus fluorescein angiography (FFA), another in vivo imaging method, is now available and is capable of revealing inflammatory changes of retinal blood vessels, including the dilated vessel size and vessel leakage. Furthermore, electroretinography (ERG) indicates the visual function affected in both autoimmune uveitis patient and EAU animals. 18, 22, 23 It could be used as an objective and quantifiable testing method. The present study aims to establish a system with multiple quantifiable indicators to characterize inflammatory changes in a mouse model of EAU by using various in vivo techniques and to be more sensitive and reliable than previously reported methods to detect small phenotypic changes associated with uveitis in living animals.
MATERIALS AND METHODS

Animals and Induction of Experimental Autoimmune Uveitis
Female C57BL/6J mice, aged 6 to 8 weeks, were obtained from the Laboratory Animal Service Center, Faculty of Medicine, The Chinese University of Hong Kong. All animals were housed in a specific pathogen-free facility at 208C with 12/12 hour lightdark cycles and allowed to freely access food and water. All experiments were conducted according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Ethics approval for this study was obtained from the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong.
Two independent cohorts of mice (18 and 8 mice, respectively) were injected subcutaneously with human interphotoreceptor retinoid-binding protein peptide 1-20 (GPTHLFQPSLVLDMAKVLLD; Anapec, Inc., San Jose, CA, USA) emulsified 1:1 volume/volume (v/v) in complete Freund's adjuvant containing 4.5 mg/mL Mycobacterium tuberculosis H37RA (Difco, Detroit, MI, USA). A total of 200-lL emulsion was injected subcutaneously along the base of the tail (100 lL) and both thighs (50 lL each). In all immunizations, pertussis toxin (0.1 lg in 100 lL; Catalog Number P7208; Sigma-Aldrich Corp., St. Louis, MO, USA) was injected intraperitoneally on the day of immunization, as described previously. 13, 14 Two corresponding groups of control animals with 18 and 8 mice, respectively, were injected both subcutaneously into tail and thighs and intraperitoneally with an equal volume of sterile PBS. The first cohort of mice (18 EAU mice and 18 controls) was subjected to all the measurements employed in this study. The second cohort of mice (8 EAU mice and 8 controls) was subjected to repeat the measurements of retinal-choroidal thickness, major retinal vessel diameter, and ERG in the longitudinal investigations.
In Vivo Imaging by cSLO
To prepare for the cSLO imaging, the mice were anesthetized by intraperitoneal injection of ketamine (75 mg/kg) and xylazine (10 mg/kg). Pupils were dilated with topical mydriatic agents (tropicamide and phenylephrine, 0.5% each) to approximately 2 mm in diameter. The imaging procedure followed that described in our earlier reports. 24, 25 Prior to imaging, the mice were anesthetized and immediately placed on a custom-made platform. The head was fixed in position for imaging. During imaging, sterile artificial tears (Alcon, Inc., Puurs, Belgium) were applied to the cornea every 2 minutes to maintain media clarity. In cSLO (Heidelberg Retina Angiograph 2 [HRA2]; Heidelberg Engineering GmbH, Dossenheim, Germany), the cSLO infrared reflectance was recorded using a light source with 820-nm wavelength to provide planar visualization of the retina. The scan rate was 16 frames per second. Eye tracking (a retinal recognition technology enabling the exact same retinal location to be ''locked on'' and scanned) was activated during image acquisition. A 558 widefield noncontact lens (Heidelberg Engineering GmbH) was added to the camera to capture high-quality images in a wider view of the fundus. A total of 15 images at the same retinal location at the same focal depth were captured and averaged automatically by the built-in software to increase the signal-to-noise ratio with simultaneous display on computer screen. Each image frame represents approximately 40% of the total retinal area. 26, 27 We took 9 images on sequential regions to cover both central and periphery retina. Clinical scoring was performed in a blinded manner by selecting the most severe example of inflammation present and marked on a scale of 0 to 4, as described previously. 13 In Vivo Imaging by Spectral-Domain OCT
The OCT system used a superluminescent diode light source with a center wavelength of 870 lm. OCT parameters were modified to adapt OCT imaging in mice according to the manufacturer instruction (Heidelberg Engineering GmbH). Thus, infrared retinal fundus photographs and OCT images could be simultaneously captured on the exact retinal locus, which ensures the high quality of OCT imaging in the retina. In each retina, a square region centered on the optic nerve head were covered by 19 OCT cross-sections. 28 Nine images for each B-scan at the same retinal location were captured and averaged. For quantification of retinal-choroidal thickness, we used the software package from Heidelberg Engineering. By correlating the OCT image with histologic section, we defined the distance from the vitreo-retinal interface to the choroidsclera interface as the retinal-choroidal thickness (RCT). The RCT data were shown in a form of Early Treatment of Diabetic Retinopathy Study (ETDRS) grid, which centered on optic disc. Each number represents the averaged thickness data in the specific region. The central data was excluded due to the absence of retina and choroid at the optic nerve head. The fold change of RCT compared with the baseline RCT was calculated and is presented as mean 6 standard error of mean.
Fundus Fluorescein Angiography
For FFA, 100 ll of 10% fluorescein (Fluorescite, Alcon Laboratories, Fort Worth, TX, USA) was injected intraperitoneally, and cSLO examination was performed within 5 seconds after the fluorescein injection. FFA images were analyzed using a built-in software to measure the diameter of major retinal vessels at 5000 units away from the center of the optic disc. Major retinal vessels are defined by those vessels originated from the optic nerve head and reaching the boundaries of the fundus photos. Total major retinal vessel diameters of each mouse were then averaged by the number of major retinal vessels for statistical analyses. Fluorescein signals of microvasculature and branch of major retinal vessels were excluded for the measurement.
Electroretinography
Mice were dark adapted at least 12 hours prior to ERG recordings. Mice were anesthetized and pupils dilated using the same protocol as in the in vivo imaging. A gold ring electrode was placed on the cornea with reference in the mouth and ground electrode inserted subcutaneously into the hind leg. Body temperature was maintained at 378C with a heated pad during recording and all the procedures were performed in a dark room with a dim red light. 
Histology
On postimmunization day 21, under deep anesthesia, the mice were perfused intracardially with 0.01 M sterile PBS followed by 4% paraformaldehyde. Both eyes were removed and further immersed in 4% paraformaldehyde for 24 hours at 48C. Connective tissues were maintained on each eye to facilitate orientation. The eyes were embedded in paraffin and sectioned in 5-lm thickness along the vertical meridian and the optic nerve head. After deparaffinization and rehydration, the sections were stained with hematoxylin and eosin. The anterior and posterior segments of the eyeball were examined under a light microscope (DMRB, Leica Microsystems, Wetzlar, Germany) connected to a Spot digital camera (Diagnostic Instrument, Inc., Sterling Heights, MI, USA). Based on the number, type, and size of lesion, histopathologic disease scores were assigned on a scale of 0 to 4 using published criteria by a colleague who is blinded to the sample numbers and grouping. 13 
Statistical Analysis
All data are expressed as mean 6 standard error of mean (SEM). SPSS version 19.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) software were used for the statistical analysis. Nonparametric Mann-Whitney U test was used to compare the medians of two groups and at different time points. To compare the differences before and after EAU induction in individuals, Wilcoxon signed-rank test was performed. Spearman's correlation analysis was used to evaluate the relationship between two parameters. All statistical tests were twotailed and were performed using a significance level of P ¼ 0.05.
RESULTS
In Vivo Imaging and Histologic Analysis for the Detection of Retinal Changes Associated With EAU in C56BL/6 Mice Spectral-domain OCT (SD-OCT) and cSLO images were obtained on day 0 (baseline) and day 21 (endpoint) for 18 animals, which were equally and randomly divided into EAU group and control group (mock induced with PBS). FFA was performed on day 21 for a clear visualization of retinal vasculature prior to killing the animals for histopathologic verification.
In control animals, cSLO revealed clearly the optic nerve, retinal vessels, and nerve fibers in the retina (Fig. 1A) . OCT cross-sectional B-scans resolved the characterized retinal layers, including the retinal nerve fibers/ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, inner/outer segments (IS/OS) of rods and cones, retinal pigmented epithelium, and choroid, corresponding to the respective layers of the histologic section of the retina (Supplementary Fig. S1 ).
A comparison of images from day 0 (Figs. 1A-C) and day 21 (Figs. 1F-H) revealed inflammatory morphologic changes of EAU, including infiltrating cells in the vitreous, vasculitis, retinal structural disruption, and retinal edema.
In EAU mice, FFA on day 21 enhanced the vasculature display and identified vessel leakage (Fig. 1I ) along with the appearance of optic disc swelling (papilledema; Supplementary Fig. S2 ) caused by EAU. We have compared the same eye using in vivo imaging and histologic sections in EAU and control mice. In correlation with in vivo findings, histopathology detected vitritis, vasculitis, choroiditis, retinal detachment, granuloma, retinal folds, and edema only in the EAU mice (Figs. 1J-K) . Furthermore, signs of inflammation were not observed in SD-OCT images or by histology in control mice. Inflammation was scored both clinically (0.81 6 0.21) and histopathologically (0.97 6 0.17) for EAU mice, whereas the clinical and histopathologic scores were both zero in control mice (P < 0.001 when compared with the respective clinical and histopathologic scores in EAU mice; Supplementary Fig. S3 ).
Quantitative Measurement of RCT by SD-OCT Detects Inflammatory Edema
Retinal-choroidal thickness was determined by SD-OCT in EAU mice on day 0 and day 21 after EAU induction. An ETDRS grid centered on optic disc displayed the RCT data ( Supplementary  Fig. S4 ). For comparison, numbers in eight areas for day 0 and day 21 after EAU induction were averaged, and we found significantly higher fold changes of RCT in EAU mice during the 21-day period (1.054 6 0.010) than control mice (1.004 6 0.008, P < 0.001). Consistent differences were obtained in a repeated experiment, 1.094 6 0.012 in EAU against 1.005 6 0.002 in controls, P < 0.001 ( Fig. 2A) .
The increase of RCT was also significantly correlated with the severity of EAU shown by clinical scores (Spearman r ¼ 0.579, P < 0.001, 95% confidence interval [CI]: 0.328 to 0.795) and histopathologic scores (Spearman r ¼ 0.639, P < 0.001, 95% CI: 0.355 to 0.841; Figs. 2B-C). Thus, we propose the RCT could be employed as an indicator for quantitative characterization in EAU mice.
Quantitative Assessment of the Major Retinal Vessel Diameter Identifies Vasodilation in Association With Inflammation
Fluorescein was intraperitoneally injected into the animals to reveal the retinal vasculature for precise measurements, especially the superficial layer vessels (Fig. 3A) . On average, EAU animals showed significantly greater vessel diameters (296.15 6 6.15 units) when compared with controls (244.62 6 8.17 units, P < 0.001), indicating vasodilation caused by the inflammation. To verify this novel indicator, we performed another repeated experiment. Consistent results were obtained. The major retinal vessel size in EAU mice (310.84 6 10.47 units) was also significantly greater than controls (224.35 6 5.50 units, P < 0.001; Fig. 3B ).
Similar to the RCT, major vessel diameters also correlated with the clinical scores (Spearman r ¼ 0.580, P < 0.001, 95% CI: 0.319 to 0.775) and the histologic scores (Spearman r ¼ 0.574, P < 0.001, 95% CI: 0.298 to 0.792; Figs. 3C-D) . Therefore, the major retinal vessel diameter could be employed as a quantifiable indicator for the evaluation of the EAU severity. Moreover, the major vessel diameter also showed significant correlation with RCT (Spearman r ¼ 0.552, P < 0.001, 95% CI: 0.254 to 0.792), which means both indicators could be used to reliably quantify the severity of EAU (Supplementary Fig. S5 ).
ERG Amplitudes Indicate Visual Function Loss in EAU Mice
To examine whether the inflammatory changes would lead to visual function disruption, an ERG recording system was used to compare the functional changes in EAU and control mice during the experimental periods. In an intragroup comparison of the ERGs on day 0 and day 21, we found detectable reduction in both photopic (light-adapted) and scotopic (dark-adapted) b-wave, but not a-wave, amplitudes under all tested intensities of light stimulus (P < 0.01; Figs. 4A, 4D), implying retina related visual signaling pathway impairment. In a further analysis of intergroup comparison (EAU mice vs control mice), we found the relative photopic and scotopic ERG amplitudes, calculated as the ratio of amplitudes at day 21 and day 0 under the strongest light stimulus, in the EAU group (81.48% 6 3.86% and 77.20% 6 5.15%, respectively) were also significantly attenuated when compared with controls (106.38% 6 4.50% and 97.87% 6 3.69%, respectively, P < 0.01; Figs. 4G-H) .
We found no significant correlation between photopic ERGs and clinical score (Spearman r ¼À0.225, P ¼ 0.187, 95% CI: À0.551 to 0.126; Fig. 4B ). Associations between photopic ERGs with histologic score, scotopic ERGs with clinical score, and scotopic ERGs with histologic score (Spearman r ranged between À0.391 to À0.601) showed statistical significance (P < 0.05), which confirmed that animals with more severe inflammation have lower visual function (Figs. 4C, 4E-F) . Herein, besides the morphologic monitoring, ERG confirmed the functional loss of retinal cells induced by EAU and provides quantifiable parameters for the quantitative evaluation system. 
Longitudinal Assessments of RCT and ERG Responses in Living Mice
EAU animals were monitored by OCT and ERG on baseline (day 0), day 14, and day 21 postimmunization. Fold change of RCT in EAU mice was significantly increased on day 21 (1.075 6 0.015, P < 0.001), but not on day 14 (1.019 6 0.003, P > 0.05), compared to that in control animals (1.004 6 0.004 and 1.002 6 0.008, respectively; Fig. 5A ). ERG amplitudes, both photopic and scotopic, decreased progressively during the 21-day development of EAU (Figs. 5B-C) . Thus, the in vivo measurements of RCT and ERG responses can longitudinally assess the inflammatory status in mouse eyes.
DISCUSSION
In the present study, to quantitatively characterize the autoimmune ocular inflammation in a mouse model of EAU, we employed three quantifiable indicators-RCT, major retinal vessel diameter, and ERG amplitudes-generated by OCT, cSLO/FFA, and ERG, respectively. The results showed significant correlations with histologic and clinical scores. We conclude that these three indicators, in addition to the semiquantifiable grading systems, can reliably and quantitatively characterize the small but significant differences in the severity of retinal inflammation in EAU mice, which could be useful for longitudinal therapeutic studies.
The retina is a major target of autoimmune responses. It is commonly monitored by color fundus photography. cSLO is a laser-sourced technique providing higher transverse resolution of white-black fundus photos. We combined it with SD-OCT in a HRA2 imaging system to achieve simultaneous capture of fundus and OCT images on the exact retinal focus. Therefore, OCT sections can be precisely located to the lesion site under direct visualization of cSLO views. In the present study, morphologic changes on the retina of EAU mice could be observed on cSLO images, including the infiltrating cells in the vitreous, vasculitis, retinal lesion, and detachment. With the injection of fluorescein dye into the animal, FFA images can also be obtained by the cSLO system, which clearly showed the vessel leakage and papilledema. However, three-dimensional information, such as retinal edema and structural changes within the retina, is lost in two-dimensional fundus photos. To complement with the thicknesses in the retina and choroid, OCT could be used along with the fundus photos. OCT is noninvasive and can be repeatedly used in individual animals noninvasively. Therefore, we combined the cSLO and OCT-HRA2 imaging system to monitor the inflammatory changes in our experiments.
We performed the semiquantifiable scorings by using reported grading systems in EAU mice and found low EAU scores, mainly 1 out of 4. For example, some of the animals in EAU group were scored with 0 because of the absence of signs listed in the scoring systems. In the current study, our EAU mice showed a clinical score of 0.81 6 0.21 on day 21 postimmunization. The C57BL/6 mouse strain is well known for its moderate susceptibility to EAU induction, which is more closely related to human uveitis in terms of its chronic and longer disease duration. 7, 13 In several cases, the EAU mice showed small but distinguishable clinical and histologic differences, which were not sufficiently significant to be categorized into higher grades in the scoring systems. Therefore, sensitivity issues may arise in drug screening studies, as the scales of grading systems are not precise enough to show the small therapeutic effects, which have been demonstrated in previous publications. 29 Moreover, these scoring systems highly depend on graders' experience. Recently, a quantitative bioluminescence assay has been introduced to evaluate intraocular inflammation in two acute models primed mycobacterial uveitis and endotoxin-induced uveitis. 16 No significant changes were detected in EAU mice. Based on clinical observations, retina and choroid thickening is an important feature in uveitis patients as a result of inflammatory edema. 30, 31 We noticed retinal thicknesses, excluding the choroidal thickness, on one optic disc diameter away from the two edges of the optic disc, which have lower representation of the average retinal thickness, have been reported in evaluating EAU in previous publications. 18, 20 Because both the retina and choroid are involved in the inflammatory process of the pathogenesis of EAU, we measured the retinal-choroidal thickness as an indicator to reflect the severity of EAU. To enhance the accuracy, we used 19 OCT sections to cover the retina centered on the optic disc and measure RCT on each scan. Subsequently, the RCT can be presented by the ETDRS grid. Each of the nine numbers represents the averaged thickness data in the respective region. The data in the central circle of the ETDRS grid was excluded because of the loss of retina/choroid at the optic nerve head. The mean fold change of RCT in EAU mice was significantly higher than that in normal control eyes. The RCT measurement quantified the initially subjective observation of inflammatory retinal edema. To verify the reproducibility of this novel indicator, a repeated study was conducted and consistent results obtained. This indicator is thus capable of distinguishing EAU animals from normal controls. To further test its agreement with previous scoring system results, the fold change of RCT was significantly correlated with both clinical score and histologic score, which means the RCT has the ability to determine the severity of EAU as well as the grading systems.
Besides the inflammatory retinal edema, vasodilation caused by vasculitis is another common symptom in uveitis patients. 32 Semiquantifiable scoring systems are available to evaluate the vessel size as a criterion for severity scores. Herein, we quantified the retinal vessel diameter as the second indicator. For high-quality retinal vasculature images, FFA was acquired by cSLO with fluorescein injection. However, cSLO is limited by the two-dimensional imaging technology, which means that only one retinal layer can be captured on a single focal plane. Thus the major vessels in superficial layer were focused for imaging. The retinal vessel diameter at the position of 5000 units away from center of optic disc was determined. To minimize the variation of individual vasculature and background noise caused by deeper layer microvasculature, branches of major vessels and fluorescein signals of tiny vessels were excluded. The averages of individual major vessel diameters were calculated for each animal. Our results showed vasodilation by enlarged vessel size in EAU animals, which is consistent with reported clinical observation in autoimmune uveitis patients. 33, 34 Interestingly, the correlations between major retinal vessel diameters and grading scores were not as high as that of RCT. As fluorescein injection might cause animal death, FFA was only performed on day 21 postimmunization (endpoint). When compared with the fold changes of RCT standardized by baseline, actual major vessel diameter values, instead of fold changes, were used for analyses to generate larger variation between individuals, leading to lower correlation with grading scores when compared with RCT. Nevertheless, the major vessel diameter was still significantly correlated with grading scores (P 0.001) and RCT (P < 0.001), which confirmed its accuracy in quantitative evaluation of the EAU.
Declining vision commonly occurs in posterior uveitis patients. In this study, we employed ERG to assess the visual function in EAU mice. Reduction of dark-and light-adapted ERGs during EAU development was reported previously. 18, 35 To improve sensitivity and accuracy, we recorded the ERG amplitudes under five different light intensities in both scotopic and photopic recordings. Scotopic response reflects the rod cell-related activities, whereas the photopic recording represents the visual function associated with cone cells. Our observation of the sharp ERG loss during EAU development is consistent with the visual impairment in previous publications. 18 By correlating with the grading scores, scotopic ERGs significantly reduced in high-score individuals. However, correlations between photopic responses and grading scores were not highly significant although a trend of negative correlation was observed. Notably, even though most of the C57BL/6 EAU mice had low grading scores indicating mild morphologic changes, the ERG amplitudes attenuated dramatically by the EAU induction. Therefore, ERG could be a more sensitive method in evaluating the severity of EAU.
In our evaluation of the quantifiable indicators and established severity scorings, we found the absolute values of Spearman rank correlation coefficients ranged from 0.391 to 0.639. These moderate correlations could be explained by the different perspectives of the two evaluation systems. Each of our quantifiable indicators specifically assessed one aspect of the disease. However, the previous scoring systems comprehensively evaluate the animals based on different aspects of the disease including lesions, infiltrations, vasculitis, retinal detachment, and atrophy. Similar to uveitis patients, inflammatory signs vary in individual animals. However, even though the two different evaluation systems were not highly correlated with each other, the statistic significances still showed consistent effects between them. Thus, the two systems should work together complimentarily for quantification of ocular inflammation.
The EAU mouse model as a platform for investigation of autoimmune ocular inflammation has been reported since 1988. 7 The well-established semiquantifiable scoring systems contributed to numerous important discoveries in ocular immunology, leading to many therapies for ocular autoimmune inflammation. Our current study, correlated with the grading systems, is the first to establish a novel quantitative and realtime evaluation system for a mouse EAU model. The three quantifiable indicators, RCT, major retinal vessel diameter, and ERG amplitudes, provide a more objective and accurate evaluation of autoimmune inflammation for longitudinally therapeutic studies using this model.
